Abstract: Dendritic spines are actin-rich protrusions that comprise the postsynaptic sites of synapses and receive the majority of excitatory synaptic inputs in the central nervous system. These structures are central to cognitive processes, and alterations in their number, size, and morphology are associated with many neurological disorders. Although the actin cytoskeleton is thought to govern spine formation, morphology, and synaptic functions, we are only beginning to understand how modulation of actin reorganization by actin-binding proteins (ABPs) contributes to the function of dendritic spines and synapses. In this review, we discuss what is currently known about the role of ABPs in regulating the formation, morphology, motility, and plasticity of dendritic spines and synapses.
INTRODUCTION
Neurons are highly specialized cells that communicate through sophisticated structures, known as synapses, which consist of presynaptic axonal terminals and postsynaptic dendrites. Most of the excitatory synaptic input in the central nervous system (CNS) take place on dendritic spines, which are actin-rich structures that protrude from dendritic shafts [1] . Dendritic spines are small structures with a volume ranging from 0.01 µm 3 to 1 µm 3 and generally consist of a bulbous head and a thin neck [2, 3] . The morphology of spines can change from filopodia-like protrusions to more mature thin, stubby, or mushroom-shaped structures, depending on the developmental stage or upon neuronal activity [4] . Alterations in spine density, morphology, and maturation strongly correlate with neuronal disorders, such as mental retardation, Fragile-X syndrome, Down's syndrome, Alzheimer's disease, and epilepsy, pointing to the central role of these structures in cognitive function [5] [6] [7] [8] [9] . The formation and plasticity of dendritic spines and synapses are attributed to the reorganization of the actin cytoskeleton (also see other reviews in this journal volume). Recently, several genes that were mutated in patients with nonsyndromic mental retardation were found to encode actin-regulatory proteins [10, 11] , which further indicates a critical role for these proteins in modulating spine function.
Given the physiological significance of actin regulation in spine and synapse formation and plasticity, it is important to understand how ABPs work together to regulate actin reorganization in dendritic spines. Here we review our current understanding of how individual ABPs modulate spine development in order to provide an overall picture of the intricate regulation of the actin cytoskeleton. We will limit our discussion to the postsynaptic terminal of excitatory synapses. We will begin with a general introduction of actin dynamics and how the actin cytoskeleton is modulated by ABPs before addressing the role of these proteins in spine dynamics. In order to provide a clear, concise review, we will focus only on a subset of spine proteins that contribute to actin dynamics and affect spine development, morphology, or function. For discussion of other key synaptic proteins and their role in these processes, we refer the reader to other reviews both within this volume and elsewhere [12] [13] [14] [15] .
REGULATION OF ACTIN DYNAMICS
Actin exists in two states in the cell: as globular or monomeric actin (G-actin) and as filamentous actin (Factin), which results from the polymerization of G-actin. Monomeric G-actin can be associated with either ATP or ADP along with a Mg ++ ion; however, ATP-bound actin has a higher efficiency than ADP-actin in F-actin assembly. Actin assembly is also determined by the available amount of unpolymerized G-actin and the G-actin critical concentration (Cc), which is discussed in greater detail in several excellent reviews [16, 17] . The assembly of actin filaments occurs through three sequential steps: nucleation, which is a ratelimiting step, elongation, and ultimately steady state where there is no net change in the amount of F-actin. At steady state, F-actin exhibits net polymerization at a fast growing end (the barbed or plus end) and simultaneous depolymerization at a slow growing end (the pointed or minus end), resulting in continuous actin turnover in filaments. Actin polymerization is initiated by the formation of nucleation seeds, composed of G-actin trimers. These structures are unstable under physiological conditions unless they are stabilized by the binding of certain ABPs, such as the actin-related protein 2/3 (Arp2/3) complex [18] . ABPs serve additional roles in regulating actin dynamics and are responsible for promoting actin polymerization and depolymerization (Fig. 1) . Depolymerization can be carried out by ABPs with severing activity, including cofilin and gelsolin, which break down actin filaments into smaller pieces and thus, provide G-actin reservoirs for further actin assembly and reorganization.
Other groups of ABPs do not affect the exchange of G-actin and F-actin directly, but instead, stabilize F-actin by binding to the barbed or pointed ends of actin filaments and preventing the addition or loss of G-actin from these sites. Finally, some ABPs, such as α-actinin, are able to modulate the structure of the actin cytoskeleton by bundling or crosslinking actin filaments. ABPs cooperate with each other through these diverse mechanisms to regulate actin-based cellular events and shape actin-rich structures.
ORGANIZATION AND FUNCTION OF THE ACTIN CYTOSKELETON IN DENDRITIC SPINES
Studies from electron microscopy first demonstrated the ultrastructure of actin in dendritic spines as a combination of a branched lattice network and straight crosslinked filaments [19, 20] . A subsequent study using fluorescently-labeled actin unexpectedly showed that dendritic spines are highly motile structures with constantly changing morphologies [21] . The dynamic nature of actin in spines was further shown with fluorescence recovery after photobleaching (FRAP), indicating that 85% of actin is highly dynamic and its turnover is modulated by neuronal activity [22] . More recently, a study using photoactivatable β-actin indicated that three distinct actin populations exist in spines, and the subspine localization and spine size determine the kinetics of actin turnover [23] . Under basal conditions, a dynamic F-actin pool is restricted to the tips of spines; however, a stable pool resides at the base of spine heads. Upon glutamate uncaging, which increases synaptic strength, a more kinetically stable F-actin pool is formed and mediates the expansion of spines, indicating neuronal activity can regulate actin dynamics and modulate spine function [23] .
Pharmacological approaches to perturb actin dynamics were used to reveal a functional role for actin in spines. The   Fig. (1) . Schematic diagram of actin-binding proteins in dendritic spines. Dendritic spines are enriched in actin, which is organized into branched and unbranched filaments. Reorganization and turnover of actin filaments are modulated by actin-binding proteins, which regulate spine and synaptic function as discussed in the text. The actin-binding proteins shown here regulate actin capping, polymerization, nucleation, branching, severing, and bundling. SA = spine apparatus. application of latrunculin A, which facilitates actin depolymerization, alters the number and localization of glutamate receptors [24] . This treatment also disrupts the localization of some ABPs to spines, including drebrin and α-actinin, as well as the signaling molecule calcium-calmodulindependent protein kinase II α (CaMKIIα) [25] . Interestingly, actin depolymerization appears to have differential effects on postsynaptic scaffolding proteins. Synaptic localization is altered in the scaffolding proteins guanylate kinaseassociated protein (GKAP), Shank, Homer 1c, but no effect is observed on another scaffolding protein, postsynaptic density protein 95 (PSD95) [26] . These studies suggest that the actin cytoskeleton can tether neurotransmitter receptors, signaling molecules, and scaffolding proteins into a spatially confined area, which allows spines to modulate their shape, motility, and function. Indeed, latrunculin A treatment inhibits spine motility and delays synaptic development [21, 27] , indicating that actin dynamics endow spines with a high degree of plasticity.
THE INTERPLAY BETWEEN ACTIN REMODELING AND SYNAPTIC PLASTICITY
In response to neuronal activity, the strength of synaptic transmission can be persistently changed; this phenomenon is called synaptic plasticity [28] . Synaptic plasticity is the cellular basis of learning and memory and is exemplified by two well characterized models: long-term potentiation (LTP) and long-term depression (LTD), which enhances and decreases synaptic transmission, respectively [29] . Several protocols have been developed to induce these two forms of plasticity, and the most common approach is to apply high frequency stimulation to induce LTP and low frequency stimulation to produce LTD [30] . In most cases, the expression and maintenance of LTP and LTD are controlled by glutamate receptors [30] .
Glutamate receptors are the major mediators of excitatory synaptic transmission in the CNS and are activated upon binding to the neurotransmitter glutamate, which is released from presynaptic terminals [31] . For the most part, synaptic transmission takes place through two types of glutamate receptors: α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)-type receptor and N-methyl-D-asparate (NMDA)-type receptor. Stimulation of NMDA-type glutamate receptors (NMDARs) allows influx of calcium ions and transduces electrical information into biochemical signals. This includes activation of protein kinases (e.g. CaMKII, protein kinase A (PKA), or protein kinase C (PKC)) and phosphatases (e.g. protein phosphatase 1 (PP1), calcineurin or PP2B) that in turn regulate the phosphorylation and trafficking of AMPA-type glutamate receptors (AMPARs) to the plasma membrane [28, 32, 33] . Alterations in the activation of NMDAR and surface expression of AMPAR determine the changes in synaptic strength. During LTP, higher numbers of AMPAR are present on synaptic membranes, which potentiate synaptic trasnsmission. In contrast, LTD involves the removal of AMPAR, leading to a reduction in ion conductance and synaptic transmission. Intriguingly, LTP and LTD expression are synonymous with spine expansion and shrinkage, respectively, linking the regulation of underlying actin dynamics and reorganization to synaptic plasticity.
SYNAPTIC PLASTICITY MODULATES ACTIN TURNOVER
When LTP is induced in the hippocampus, the amount of F-actin as well as several ABPs, including drebrin A and synaptopodin, is increased while the activity of the actin depolymerization factor ADF/cofilin is decreased [34, 35] . In addition, a fluorescence resonance energy transfer (FRET)-based approach, which can be used to monitor actin dynamics, shows a close relationship among synaptic activity, spine size, and F-actin/G-actin ratios in spines [36] . In this study, short bursts of electrical inputs were applied to hippocampal slices to induce LTP, which resulted in a higher F-actin/Gactin ratio followed by the enlargement of spine heads. Conversely, induction of LTD promoted the depolymerization of actin, resulting in spine head shrinkage [36] . Thus, this intriguing data suggest that actin turnover is linked to changes in synaptic strength.
THE ACTIN CYTOSKELETON MODULATES SPINE MORPHOGENESIS AND SYNAPTIC PLASTICITY
Two possible mechanisms as to how actin regulates synaptic plasticity have been proposed: (i) the actin cytoskeleton may serve as a scaffold for the retention of glutamate receptors in the postsynaptic density; and (ii) the actin cytoskeleton provides a path for short distance protein trafficking in spines, which is required for synaptic transmission. These mechanisms were first proposed when bath application of the actin depolymerization agent latrunculin B to hippocampal slices resulted in the reduction of AMPAR-mediated basal synaptic transmission and LTP [37] . Subsequent studies also found that actin depolymerizing agents affect the maintenance of the early and late stages of LTP [34, 38] . This raises the question as to how actin polymerization affects synaptic transmission. Synaptic transmission is primarily controlled by AMPARs, which move between synapses and extrasynaptic sites [32, 33] . It is generally believed that surface expression of AMPAR is regulated by passive diffusion and active endocytosis/exocytosis [39] [40] [41] [42] [43] . Importantly, trafficking of AMPAR is conducted by myosin motors, which carry AMPAR-containing endosomes along actin tracks [44] [45] [46] [47] [48] . In this way, the polymerization and depolymerization of the actin cytoskeleton can modulate the incorporation and internalization of AMPAR, thereby altering synaptic efficacy [49] .
ACTIN-BINDING PROTEINS AND SPINE DEV-ELOPMENT, MORPHOLOGY, AND FUNCTION
Actin Nucleation: Arp2/3, WASP/WAVE, Cortactin, and Formin
Arp2/3 complex
Following activation, the Arp2/3 complex, which consists of seven subunits, including Arp2, Arp3, and five other actin-related proteins, mediates the formation of new actin filaments at fixed angles to existing filaments to form a branched actin network [50, 51] . Arp2/3-mediated branching provides a mechanism for expanding the actin network and is thought to be involved in generating cell protrusions [52] . Since dendritic spines consist of branched actin filaments, this raised an intriguing question as to the role of the Arp2/3 complex in regulating spine dynamics. Several subunits of the Arp2/3 complex, including Arp2 and Arp3, are concen-trated in dendritic spines, suggesting a functional role for the Arp2/3 complex in spine function [53] [54] [55] [56] . Consistent with this, knockdown of Arp2/3 complex proteins causes a reduction in the number of spines without significantly decreasing the density of filopodia-like protrusions [56, 57] (Table 1) . The Arp2/3 complex is most likely not essential for the initial extension of dendritic filopodia-like protrusions, but instead is critical for enlargement and maturation of the spine head. Moreover, expression of protein interacting with C kinase1 (PICK1), which is involved in AMPAR endocytosis, inhibits Arp2/3-mediated actin polymerization and causes NMDA-mediated GluR2 endocytosis in spines [58] . This suggests a role for the Arp2/3 complex in regulating AM-PAR trafficking. Knockdown: no effect on miniature synaptic transmission 
WAVE/WASP and Cortactin
The Arp2/3 complex is primarily activated by Wiskott Aldrich syndrome protein (WASP) family members and cortactin [59] [60] [61] . The WASP family includes WASP, neural WASP (N-WASP), and WASP family verprolin-homologous protein (WAVE)1-3 [62] [63] [64] [65] . WASP and N-WASP exist in an autoinhibited conformation, which can be relieved by the binding of phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ), activated Cdc42, or adaptor proteins [61, 66, 67] . WAVE proteins, on the other hand, do not adopt an autoinhibitory conformation, but remain inactive while in a complex with regulatory proteins [68, 69] . The WAVE proteins can be released or reactivated by adaptor proteins or the Rho family GTPase Rac1 even though WAVE proteins do not possess a GTPase binding domain [68, 70] . Among the WASP family members, N-WASP, WAVE1, and WAVE3 are highly expressed in the brain, and at least two of these proteins have been shown to modulate spine formation [65] . N-WASP localizes to spines and functional synapses where it regulates the development of these structures via its upstream activator, Cdc42, and its downstream effector, the Arp2/3 complex [56, 71] . Several studies have also indicated a role for WAVE1 in regulating spine morphogenesis. Striatal neurons from WAVE1 knockout mice display more protrusions but fewer mature spines [72] . This phenotype is recapitulated in cultured hippocampal neurons and can be rescued by a WAVE1 mutant that is unphosphorylatable at serine 310, suggesting an effect for WAVE1 on spine development [72, 73] . WAVE1 phosphorylation reduces Arp2/3-mediated actin polymerization and can be modulated by Cdk5 and cAMP, which are important for brain development and synaptic plasticity [72] . This work suggests the altered synaptic plasticity and behavioral abnormalities in WAVE1 knockout mice are due to aberrant actin dynamics [74] . In addition, WAVE1 expression can also affect depolarization-induced mitochondrial translocation into dendritic spines [75] . Since mitochondria provide ATP for many cellular processes, it is possible that WAVE1-mediated mitochondrial mislocalization may affect protein trafficking during synaptic plasticity events.
Compared with WASP family proteins, cortactin is a less potent activator of the Arp2/3 complex because it binds to Factin, but not to monomeric actin [76] . However, cortactin can enhance WASP-mediated Arp2/3 activation, and binding to WASP-interacting protein (WIP) can enhance the effects of cortactin on Arp2/3 activation [77] . In dendritic spines, the localization of cortactin appears to be highly controlled by neuronal activity. Under basal conditions, cortactin is shown to target to spine heads via its N-terminal region, which contains Arp2/3-and F-actin binding domains [78, 79] . Activation of NMDAR causes cortactin to translocate from spines to the dendritic shaft, whereas brain-derived neurotrophic factor (BDNF) induces the localization of cortactin to postsynaptic sites, suggesting a role for this protein in regulating synaptic plasticity [78, 80] . Knockdown of cortactin using an siRNA approach results in a significant decrease in the number of spines while overexpression pro-motes spine elongation [78] . Collectively, these studies point to a functional role for cortactin in the activity-dependent modulation of spine formation. More recently, cortactin has been shown to associate with the microtubule plus-end binding protein EB3, and this interaction appears to be required for EB3-mediated spine expansion [81] . These intriguing results raise the possibility that the cortactin-EB3 interaction can serve as a link between microtubules and the actin cytoskeleton in dendritic spines [81] .
Formin
Besides the Arp2/3 complex-related signaling pathways, formins have also been shown to modulate actin nucleation [82] [83] [84] [85] . Formin proteins contain a conserved formin homology 2 (FH2) domain, which is required for actin nucleation, and a FH1 domain that assists actin filament assembly via an interaction with profilin [82, 83] . Unlike Arp2/3 complexmediated actin nucleation, formins generate unbranched actin filaments due to their ability to associate with barbed ends and modulate actin elongation [82, 83] . Formins, like the Arp2/3 complex, exist in an autoinhibitory conformation, which for most formin family members can be released by the binding of Rho GTPases [86] . Given their essential role in actin nucleation, it is not surprising that mammalian diaphanous-related formin2 (mDia2) has been found to regulate spine formation [57] . In this study, activated mDia2 promotes the formation of filopodial protrusions, but the Arp2/3 complex is required for spine head expansion and maturation [57] . Since spines contain both branched and unbranched actin filaments, it is tempting to speculate that formins also play a role in regulating synaptic plasticity.
Polymerization/Depolymerization: Profilin, Gelsolin and Cofilin
Actin polymerization requires the constant addition of Gactin monomers to growing filaments, and ABPs, such as profilin, help supply G-actin to the plus end of actin filaments. However, to maintain actin dynamics and actin-based processes, unlimited actin polymerization cannot occur and must be counterbalanced by depolymerization of existing actin filaments. ABPs, such as gelsolin and cofilin, are critical for this process.
Profilin
As discussed earlier, G-actin can bind to either ADP or ATP and be incorporated into actin filaments; however, ATP-bound actin has a higher efficiency of assembly into filaments [87] . Profilin can induce actin polymerization by catalyzing the exchange of ADP for ATP on G-actin and by promoting the addition of actin monomers to the growing end of filaments [88] [89] [90] . Neurons have two types of profilin, profilin I, which is ubiquitously expressed, and brainspecific profilin II [91] . By expressing fluorescently-tagged profilin II in cultured hippocampal neurons, Ackermann et al. found that it is targeted to spine heads in response to electrical stimulation and NMDAR activation [92] . Moreover, profilin II-induced enrichment at spine heads appears to be accompanied by the stabilization of spine morphology, suggesting a functional role for this protein in synaptic plasticity [92] . A behavioral study further supports this idea by showing the translocation of profilin into spines in the lateral amygdala under fear-inducing conditions [93] . Surprisingly, profilin II knockout mice do not express any defects in LTP/LTD; however, possible compensatory functions of profilin I cannot be ruled out since profilin I also localizes to spines [94, 95] .
Gelsolin
Gelsolin is named for its ability to activate the gel to solution (gel-sol) transformation of actin filaments [96] . Among the ABPs, gelsolin has the most potent actin severing activity, which is regulated by calcium [97] . The severing effect ultimately increases the amount of available barbed ends when gelsolin is uncapped from F-actin. Conversely, its severing function and association with actin can be inhibited by a local increase in PI(4,5)P2 [98] . The role of gelsolin in dendritic spines is not well understood; however, it does not appear to influence actin turnover under basal conditions, but it may be required for NMDAR-mediated actin stabilization during LTD by providing more barbed ends for additional actin polymerization [22] .
Cofilin
Cofilin belongs to the ADF/cofilin family, and it regulates actin dynamics through several different mechanisms [99] . At the pointed ends of actin filaments, cofilin may enhance actin depolymerization and may sequester G-actin in the ADP-form [100, 101] . In addition, cofilin can sever actin filaments and thus create more available barbed ends [102] . Moreover, the binding of cofilin to F-actin causes a structural change in actin filaments, which alters the selection of ABPs that can bind [103] . These activities of cofilin are negatively regulated by its phosphorylation at serine 3 [104, 105] . In neurons, cofilin localizes within the postsynaptic density of dendritic spines [106] . Under basal conditions, cofilin knockdown reduces actin turnover, which appears to be necessary to maintain spine length and morphology [57] . In addition, cofilin inactivation is important for spine development and morphology since expression of an inactive cofilin mutant results in shorter protrusions and more mature spines, suggesting that the severing activity of cofilin impedes spine maturation [107] . Synaptic plasticity is shown to regulate cofilin activity, and cofilin, in turn, is able to modulate actin dynamics to control spine expansion during LTP and spine shrinkage during LTD [34, [108] [109] [110] [111] . The importance of cofilin in synaptic plasticity is also supported by studies of LIM kinases, which are upstream regulators of cofilin. In mice, knockout of LIM kinase 1, which is highly expressed in the brain, results in altered spine morphology, enhanced LTP, and impaired spatial learning [112, 113] . This can most likely be attributed to a reduction in cofilin phosphorylation and an increase in its severing activity. In contrast, LIM kinase 2 knockout mice do not exhibit obvious differences to wild-type mice in cofilin phosphorylation and synaptic transmission [110] .
Actin
Reorganization: α-Actinin, Synaptopodin, CaMKIIβ, Neurabins, α-N-catenin, EPS8, and Drebrin ABPs may also affect spine function via modulation of actin organization. Indeed, some ABPs regulate spine development and synaptic plasticity by remodeling actin filaments without necessarily affecting the kinetics of actin polymerization. In this section, we will discuss ABPs that modulate reorganization of the actin cytoskeleton and how they regulate the function of dendritic spines and synapses.
α-Actinin α-Actinin belongs to the spectrin/dystrophin family of proteins and serves to crosslink actin filaments [114, 115] . The α-actinin family consists of four members and among them only α-actinin 3 is not expressed in the brain [54, 116] . α-Actinin localizes to the postsynaptic density of excitatory synapses [116] . Exogenous expression of α-actinin 2 in hippocampal neurons increases the length and density of dendritic protrusions and promotes faster motility of these structures [117] . Intriguingly, α-actinin 2 interacts and influences the function of several proteins related to synaptic strength, including NMDAR, CaMKII, and spine associated Rap GTPase GAP (SPAR). It is believed that α-actinin 2 links NMDAR (NR1 and NR2B) to the actin cytoskeleton and modulates their channel gating [116, 118] . The opening of NMDAR is highly controlled by the intracellular calcium concentration; when the level of calcium increases, the probability that NMDAR channels will open is decreased by the binding of activated calmodulin [119] . However, this reduced activation by calmodulin can be abrogated by the presence of α-actinin through its ability to compete with calmodulin for binding to NMDAR [118, 120] . In addition, α-actinin 2 also competes with calcium/calmodulin for binding to CaMKII and hence negatively modulates CaMKII activity [121, 122] . Since both α-actinin 2 and CaMKII are enriched at the postsynaptic density in spines, a higher local calcium concentration may be required to induce CaMKII activation [121] . More recently, α-actinin is shown to interact with SPAR and increase the elongation of dendritic spines while SPAR induces the enlargement of spine heads [123] . The actin bundling activity of α-actinin can be regulated by other molecules, such as synaptopodin, which is thought to be important in dendritic spines [124, 125] .
Synaptopodin
Synaptopodin is an actin-associated protein that is thought to regulate actin bundling through its interaction with α-actinin [124, 125] . Synaptopodin accumulates in dendritic spines where it is closely associated with the spine apparatus, which is a distinct organelle, consisting of smooth ER and electron-dense plates located in the neck of most mature spines [126] [127] [128] . Although the function of the spine apparatus is still largely unknown, it may serve as a reservoir for calcium and a regulator of glutamate receptor trafficking [127] . Synaptopodin knockout mice lack a spine apparatus, which indicates an essential role for synaptopodin in the formation of this structure [129] . Electron microscopy shows that actin filaments are in close contact with the spine apparatus and serve as a link between this compartment and the postsynaptic density [130] . The localization of synaptopodin to the spine apparatus suggests that it can connect actin filaments to the spine apparatus although the functional significance of this is currently unknown [131] .
During LTP, the expression of synaptopodin is increased both at a transcriptional and translational level; however, when synaptopodin is knocked out, LTP is reduced [129, 132] . In addition, synaptopodin knockout mice exhibit impaired spatial learning. Another more recent report indicates a strong correlation between synaptopodin expression and calcium storage during LTP [133] . In this study, synaptopodin knockdown reduces spine size, LTP responses, and the expression of ryanodine receptors in spines. Ryanodine receptors localize to smooth ER and are responsible for intracellular calcium release [134] . In synaptopodin knockdown neurons, agonist-driven ryanodine receptor activation failed to induce LTP expression and GFP-GluR1 accumulation into spines, suggesting that synaptopodin controls synaptic transmission by regulating calcium release from the spine apparatus.
CaMKII
CaMKII is one of the most abundant serine/threonine kinases expressed in neurons where it is highly concentrated in the postsynaptic density [135, 136] . It is well known for its role in regulating synaptic plasticity as well as memory and can modulate plasticity through phosphorylation of NMDARs and AMPARs [137] [138] [139] [140] [141] [142] . CaMKII forms homoor hetero-oligomers of 12 subunits and consists of α, β, γ, δ families [143] . The major isoforms in neurons are α and β family members [144] . These two isoforms have similar domain organization, and their activation is regulated by calcium/calmodulin binding and autophosphorylation despite slight differences in calmodulin binding affinities [145] .
While only CaMKIIβ appears to directly associate with actin filaments, CaMKIIα can bind to α-actinin to regulate actin dynamics and organization [122, [145] [146] [147] . CaMKIIβ binding to F-actin is dependent on its activation, but not on its kinase activity [148, 149] . The role of CaMKIIβ in regulating postsynaptic actin may be due to its ability to bundle F-actin since it has been shown to promote the formation of mature spines by crosslinking actin filaments and reducing actin turnover [148, 149] .
Neurabins
Neurabin I (Nrb I) and neurabin II (Nrb II)/spinophilin are two related proteins that contain similar domain structures, including an F-actin-binding domain, a PDZ domain, and a coiled-coil domain, which mediates homo-and heterodimerization [150] . While Nrb I is exclusively expressed in the brain, Nrb II/spinophilin is found in numerous mammalian tissues [151, 152] . In neurons, these two molecules have been reported to localize to dendritic spines where they bind to PP1, but appear to have distinct functions [152] [153] [154] [155] .
Nrb I through its F-actin binding domain regulates spine morphology by increasing the length of filopodia-like protrusions and spines [156] . The interaction of Nrb I with PP1 appears to be important for the maturation of spines and modulation of surface expression of AMPAR (GluR1) as well as synaptic transmission [157] . In the hippocampus, exogenous expression of Nrb I enhances LTD but inhibits LTP; however, the opposite effects on synaptic plasticity are observed when Nrb I fails to bind to PP1, suggesting PP1 may not be properly targeted to spines if this association is altered [153] . Interestingly, Nrb I knockout mice exhibit a reduction in LTP, GluR1 phosphorylation, and contextual fear memory, but an increase in basal synaptic transmission and unaltered LTD [158] . These knockout phenotypes are also shown at corticostriatal synapses with altered dopaminemodulated AMPAR activity, reduced LTP, and normal LTD [155] . It is possible that Nrb I knockout leads to pre-saturation of synaptic responses and thus, impairs LTP since LTP can be rescued via pre-conditioning with LTD [158] .
Nrb II/spinophilin is enriched in dendritic spines and ectopic expression of this protein induces elongation of filopodia-like protrusions in hippocampal neurons [159] [160] [161] . Nrb II/spinophilin knockout mice exhibit reduced LTD due to altered glutamatergic transmission; however, these mice possess normal LTP as well as enhanced resistance to kainateinduced seizures and neuronal degeneration [161, 162] . A behavioral study supports the impaired synaptic plasticity in Nrb II/spinophilin knockouts by showing defects in learningconditioned taste aversion [163] .
These phenotypes from Nrb I and Nrb II/spinophilin knockout mice raise a couple of intriguing questions. First, how are actin dynamics at the cellular level modulated by Nrb II/spinophilin during synaptic plasticity? LTP and LTD induction are believed to be modulated by protein phosphatases and protein kinases, including PKA, CaMKII, Cdk5, and extracellular signal-regulated kinase (ERK) [32] . Interestingly, Nrb I can be phosphorylated by PKA, and Nrb II/spinophilin has been shown to be phosphorylated by all the above mentioned kinases. In most cases, phosphorylation of Nrb II/spinophilin reduces its capacity to bind and crosslink F-actin [154, 161, 164, 165] . Thus, phosphorylation of both neurabin proteins is likely to affect spine structure via reorganization of actin. Second, how do Nrb I and Nrb II/spinophilin coordinately exert their functions? It is clear that both NrbI and Nrb II/spinophilin bind to PP1 and exhibit high sequence homology in their PDZ domain, which is responsible for protein-protein interactions [166] . In addition, Nrb I and Nrb II/spinophilin have been suggested to form a heterodimer through their coiled-coil domain [167] . If both of the proteins bind to the same molecules with the same interaction motif, do they act in a compensatory or antagonistic manner to regulate synaptic functions when both are present in spines? The answer is currently unknown, but would be interesting to investigate by determining whether Nrb I or Nrb II/spinophilin expression can rescue the knockout phenotype of the other protein.
α-N-catenin α-N-catenin is a neuronal-specific member of the α-catenin family and has been proposed to bind to cadherins and to influence actin turnover by modulating Arp2/3 complex-mediated actin polymerization [168] . In neurons, synaptic targeting of α-N-catenin depends on neuronal activity, and expression of α-N-catenin affects the stabilization of spine motility and development [169] . Genetic disruption of α-N-catenin expression results in the formation of longer, immature spines that are highly motile and are unable to establish stable contacts with axonal terminals. In addition, overexpression of α-N-catenin reduces spine turnover and coincides with an increase in spine density [169] . Future studies are needed to examine the underlying mechanisms of how α-N-catenin stabilizes spine formation and motility in the context of actin turnover.
EPS8
Epidermal growth factor receptor pathway substrate 8 (EPS8) was first identified as a substrate for epidermal growth factor receptor (EGFR) and has been reported to transmit signals to remodel the actin cytoskeleton [170] .
Two different mechanisms have been proposed for how EPS8 regulates actin reorganization. First, by capping the barbed ends of actin filaments, EPS8 can stabilize F-actin and prevent actin polymerization/depolymerization. Second, EPS8 activates and enhances the actin bundling activity of insulin receptor tyrosine kinase substrate p53 (IRSp53) [171] . In neurons, EPS8 is enriched at postsynaptic regions, and its activator Abelson interacting protein 1 (Abi 1) has been reported to regulate synaptic plasticity [172, 173] . A study using cerebellum extracts has shown that EPS8 is isolated in a complex containing NMDAR (NR1, 2A, 2C) and regulates ethanol-induced synaptic transmission and NMDAR-mediated actin reorganization [174] . Even though the role of EPS8 in spine formation is currently unresolved, its regulatory function in synaptic plasticity is anticipated due to its interaction with NMDAR, and its connection to GTPases and their downstream ABPs.
Drebrin
Developmentally regulated brain protein (drebrin) has been shown to modulate actin bundling and prevent actin filaments from binding to ABPs, including α-actinin [175] [176] [177] [178] [179] . The expression of drebrin switches from an embryonic (E) to an adult (A) isoform by alternative splicing during postnatal development [180] . The importance of drebrin A is demonstrated by its close correlation with several neuronal diseases [176, 181] . For example, drebrin immunoreactivity is markedly reduced in the brains of patients with Alzheimer's disease, particularly in the hippocampus, which is central to learning and memory [182] . Reduced levels of drebrin are also observed in patients with Down's syndrome [183] . The loss of drebrin in the hippocampus of patients with Alzheimer's disease is paralleled with a significant increase in the amount of cofilin [184] . Since cofilin competes with drebrin for binding to F-actin, the enhanced level of cofilin may impair the interaction of drebrin with actin, possibly leading to an increase in the degradation of drebrin and an alteration in actin reorganization, which may underlie the cognitive defects associated with Alzheimer's disease [181, 184] .
Several studies have shown that drebrin expression affects spine morphogenesis and maturation. In cultured cortex neurons, drebrin A localizes to dendritic spines through its actin-binding domain, and exogenous expression of this protein causes immature neurons to form longer and wider protrusions and mature neurons to form longer spines [185, 186] . In addition, drebrin expression in cultured hippocampal neurons is important for the formation of PSD95 clusters and correlates with spine maturation [187] . When exogenous drebrin proteins were expressed in mature hippocampal neurons, they seemed to destabilize dendritic spines and lose their synaptic contacts [188] . This may have occurred through antagonistic competition with α-actinin, which when bound to actin filaments may stabilize spines through crosslinking of actin. In the same study, drebrin knockdown led to fewer protrusions and more mature spines, suggesting drebrin expression may impede spine development [188] . Growing evidence indicates that neuronal activity determines the localization of drebrin, which, in turn, regulates the localization of NMDAR and synaptic transmission. For instance, the glutamate-mediated activation of NMDAR induces drebrin translocation from spines to shafts, and blockade of NMDAR activity with antagonists abolishes this translocation [189, 190] . In addition, dentate gyrus LTP and spontaneous activation of GluR2-containing AMPARs induce the formation of drebrin clusters [34, 191] . In turn, drebrin Acontaining spines exhibit larger spine heads and possess more immunolabeled NMDAR compared with spines lacking drebrin A [192] . In support of this notion, drebrin A knockdown alters the synaptic targeting of NMDAR induced by an NMDAR antagonist [193] . These effects on NMDAR lead to alterations in the frequency and amplitude of synaptic transmission in glutamatergic synapses, indicating a functional role for drebrin in synaptic strength [194] . Given that drebrin expression is highly regulated during development and is correlated with neuronal disorders, future studies investigating the upstream regulators of drebrin expression and function should prove to be very fruitful.
CONCLUSIONS
Over the last decade, actin has been shown to be critical in regulating spine function. More recently, the underlying molecular mechanisms that modulate actin turnover and reorganization are beginning to be unravelled by studies focused on actin-binding proteins. Specifically, these studies show the role of various ABPs in regulating spine motility, morphogenesis, maturation, and synaptic transmission. However, many intriguing questions remain to be answered. Since neurons possess many ABPs, how do they work together to regulate actin dynamics and reorganization to control spine function? What are the spatiotemporal signals in spines that modulate the interplay of ABPs? Moreover, does the cytoskeleton facilitate communication between individual spines, and what role do ABPs play in this process? Since ABPs have been implicated in synaptic transmission, this raises the question of whether they regulate trafficking by remodeling the actin cytoskeleton or by affecting their associated signaling molecules. Evolving technologies will certainly prove to be beneficial in addressing these challenging questions. For example, newly developed photoactivatable fluorescence proteins can be used to track trafficking events with higher spatial and temporal resolution. In addition, visualization of ABP-promoted ultrastructural changes in the actin cytoskeleton may be obtained by using platinum replica electron microscopy. Indeed, the future looks exciting as emerging studies continue to unveil the role of ABPs in regulating the function of dendritic spines and thus, the complex neuronal circuitry of the CNS.
